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METALORGANIC MOLECULAR BEAM EPITAXY












molecular　beam　epitaxy (MOMBE) of phosphorus-based　工ＩＩ-Ｖ･　ternary





ＧａＡＳ（００１）　substrates　byMOMBE. The main purpose　of　the　present
study　　１Ｓ　to make　clear　the　characteristics　and　growth　mechanism






devices　are　described　ｉｎ･ chapter　1, together with　the　advantages
of　MOMBE　in　preparing devices with　fine　mlcrostructures,　１ｎ
comparison　with　other　epitaxial　growth　techniques　　lncludlnff




adduct　formation, which are　undesirable　for　the precise　control
０ｆ　growth　rate　and　epllayer　composition, are　observed　even　In　ａ





















properties　are　discussed for　InGaP　epllayers　grown by　MOMBE on
GaAs(OOl) substrates. The　elastic　accommodation of misfit　strain
１Ｓ　　observed　　in　the　analysis　of　lattice　　parameters　　and
energy-band-gap　shift.　Theoretical　predictions　of　　critical
thickness　for　elastic-strain accommodation and of　energy-band-gap
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high-speed microwave/fiber-optic　communication【２】, and to　develop
artificial　Intelligence［3]. By　these　Innovations, computers　will
be　globally linked　In　real　time, and will　see, hear, and possibly
even　think as　human　beings　ｄ０．　For　example,　１ｎ　the　next
generation of　electronics, computers will　forecast　global weather
automatically.　by measuring climatic　changes　around　the　world,





should　have　high electron mobility and highly　effective　light
emission,　which　Is　necessary　to　achieve　optoelectronic　devices
including　optical　１０９１ｃ　circuits　and　optical　neuro-chlps[5,6] .
These　properties　are not　found　in　silicon, which has　an　Indirect
energy　band　structure (insufficient　light　emisslvity)　and　low
electron mobility, but　they are　found　in　III-V　semiconductors. As
listed　　in Table　１．１【7,8],many　III-V binary　semiconductors　have
direct　energ:y band　structures　and high　electron mobilities. Their
－１-






















































III-V alloy　semiconductors, as　shown　in Flg.l.l[121. This　allows
us　to　tailor　the material　properties　as we wish, and　to make　full











shown　　In Fig.1.2【16]. Wide　gap materials　have　been　Increasingly
Important　　as　　short-wavelength　light sources　　to　　develop
high-density　memory/printing　Instruments, such　as　maeneto-optlc




























threshold　current　density of ８．６kA/cm2 was　achieved in 19G9I22].
















(shorter wavelength　in　light　emission), as　shown　in Fie.1.2,　and
generally,　shorter　wavelength　１Ｓ　desirable　ｔ０　Improve　　the
recording density of magneto-optic　disks　or　laser beam　printers.
Furthermore,　lower　efficiency　of　radiative　recombination　　In











fabrication　of ultrafIne microstructures　in heteroepitaxy,　such
as　multi-epilayers with abrupt　change　in　composition.　monolayer
superlattlces, or　three-dimensional　heterostructures。










free　path under high-vacuum　in MBE, and　they　directly　reach　the
substrate without　collisions, as molecular　beams. The　growth　rate
in　MBE　can be　reduced below ｔ０　０．１　μm/h,which　corresponds　to　ａ
few atomic　layers　per minute, without　inducing residual　impurity
Incorporation,　since　the　residual　gas molecules　are　very　few　in
the　hieh-vacuum　condition.　Therefore, the　growth　In　MBE　Ｉ Ｓ





















(MEE). However, some　disadvantages　of MBE　listed below have　been
Impeding　its　mass-productive　use; (1) oval　defects　caused　by
gallium　spitting from ａ　gallium melting source　are usually　formed





semiconductors, (4) due　to　the　high　and　different vapor　pressures
of　allotropy　in　group-V　solid　sources, the　intensity　control　０ｆ
group-V beam　is　relatively　difficult, resulting In ａ not　precise





　　　　　In　vapor　phase　epitaxial (VPE) methods, metaloreanic　vapor




zones　unlike　other VPE methods, but　only　one　to heat　substrates,
resulting　in　simple　reaction furnaces, (2)　epilayer　thickness,
composition,　and　doping　profiles　are　precisely　and　　easily
controlled by　employing mass　flow controllers, and (3)　substrate
etching and auto-doping do not　take　place, since　no　hydrochloric
is used. By using these　advantages, many　devices　including AlGaAs
and　InGaAsP　laser　diodes, now widely used　in　laser-disk　players
and　for　fiber-optic　communication,　will　soon　be　fabricated
mass-productively　in MOVPE. The high　controllability　of　epitaxial
growth　in　MOVPE　was　also　demonstrated　by　succeeding　in　the
preparation　of monolayer　superlattlces　like　(GaAs)i(AlAs)i[36]
and (InAs)i(AlAs)i[37], which had been believed　to be　preparable








methods. (3) epilayer　composition　is not proportional　to　source






recently　developed as　ａ new crystal　growth　technique　with　high
ability　In preparing heterostructures. The　epitaxy　In　MOMBE　Is
performed　　under　high　vacuum　（＜１０‾４ Ｔｏｒｒ）　　using　　group一エII
metalorganics　and　group-V hydrides (or　solids) as molecular　beam
sources.　In　this　thesis, the　name　of MOMBE　is　used　for　　the




succeeds　to　the　advantage　of MBE　and MOVPE, and　１Ｓ　free　from　the
disadvantages　of both. The　advantages　of MOMBE. which have　been





defects　are　not　formed on　epllayers, (4) perfect　selectivity　of
epitaxy on　insulator-masked　substrates　Is　achievable, (5)　source
metalorganlcs　can be　recharged　easily without　any　contamination
to　the　growth　chamber, (6) beam fluxes　of　group-V　hydrides　are
controlled　as　easily as　group-Ill　beam fluxes, and　（７）　harmful
reaction　of　sources　in MOVPE　is　eliminated with　improving　the
efficiency of　source utilization。
























































electron-beam　drawing epitaxy, or　photocontrolled　epitaxy will　be









MOMBE　process, In which heterostructure　devices　are　completely














　(4) flux　dependence　of　InGaP　growth　In MOMBE (chapter　３），
　(5) optical　and　electrical　properties　of　InGaP　grown　in　MOMBE
　　　　　(chapter　３），
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quantum　wells (MQW) or　double　hetero (DH) structures.　The　usual
investigations　on MOVPE　of　工II-V　semiconductors　have　been　carried
out　under　atmospheric　pressure　or　under　lower　pressures　of
approximately　７６ Torr. The　reduction of　reaction pressure　and　the
fast　　flow　of source　gases　are　effective　to　make　　abrupt








on　a heated　substrate, and (2) surface　process　such as　the
migration　of　adsorbed　species　on　the　　substrate or　　thei「
incorporatlon/desorption.　　Here, the　vapor-phase　process　governs
the　main part　of　crystal　growth (e.g･, growth　rate　and　crystal
composition), and　the　surface　process　Influences　crystal　quality.




approximately　1x10-3 Torr[6,7], which　１Ｓ　one　of　the　vacuum MOVPE
techniques.　However, there　have　been few reports　on MOVPE　in　the
－１６-
low-vacuum　region　and no　report　on　low-vacuum MOVPE　of　InGaP.


















wl th　ａ　volume　of　2000　cm3 (Fig,2.1), which was　evacuated　by　ａ
rotary　pump with ａ　speed　of　３６０　1/s,u ing　triethyllndlum (TEIn),















































reaction pressure was kept　　in　　the　　low-vacuum　　region
(approximately　0.０３ Torr) . A GaAs(OOl) substrate　of　１０×１０　mm2 was
loaded　　through ａ　loading chamber　to prevent　ambient　contaminant
gases　from coming　Into　the　reactor. The　substrate was　heated　by
Infrared　irradiation　from ａ halogen　ｌａｍｐ（1000 W) set　outside　the



















composition was　determined by　x-ray　diffraction measurement.
2-3. Epitaxial Growth of InGaP






crystalline　as　shown　in Figs. 2.2b　and　2.2c　by　the pattern　change
from　rings　to　spots. At　ａ temperature　of　６７０°Ｃ ，　ａｎ｀　epitaxial
InGaP　layer,　which has　ａ　spot-pattern　In RHEED　(Flg.2.2d),　is
obtained.　Similar　temperature　dependence　of　crystal　quality　is
observed　in　the　temperature　change　of full width at　half　maximum


























































stronger　than　In-P bonds. Thus, the　reduced　growth　rates　of　InGaP
at　higher　temperatures　are　due　to　the　thermal　influence　on　the
vapor-phase　reaction as mentioned above (1), rather　than　that on
the　surface　kinetics.






































































blow metalorganics　away from the　substrates. Phosphine　flow has　ａ
small　influence　on　the　crystal　quality, as　indicated　in　Fig.2.8.
This　also　supports　the　conjecture　that　the　crystal　quality　１Ｓ
governed　strongly by　temperature, but not　by　the　growth　rate.
2-4. Immiscible Growth of InGaP
2-4-1. Observation of Immiscible Crystallites
　　　　　In　ａ　ｆｅｗ　experiments　of　Ini_xGaxP　growth,　ａ　kind　of
immiscible　growth　was　observed as　two　separate　peaks　of　（００２）
diffraction　in x-ray　analysis, as　shown　in Fig.2.9, although most
of　the　Ini_xGaxP　epitaxial　layers　grown　in　this　low-vacuum　MOVPE









(002),　peak　Ｂ　to GaAs　substrate (002), and peak　’Ｃ　to
ｌｎ０.20Ga0.80P（００２）．
（６００°Ｃ. TEIn=0.048. TEGa=0.030, PH3=1.00　seem).
－２７-













epitaxial　layers　grown on GaAs, as　shown　In　Fig.2.10c.　These
crystallites　in　the　Immiscible　lni_χＧａχＰ　layers　were　revealed to
have　an　InP-rich　composition　compared with the　surrounding　flat
layer by　element (indium and　gallium) distribution analysis　using
an　electron-probe　microanalyzer　(EPMA). As　clearly　shown　in
Fig.2.11. the　ratio of　indium/gallium　in EPMA　signals was　high at




substrate temperature must be below 620°Ｃ. In fact, no Immiscible
growth　occurred　at　６２０°Ｃ , but　it　occurred once　at　６００°Ｃ．　This
temperature　for　the　immiscible　growth agrees with　that　predicted
for　ａ　temperature　below ６０８°Ｃ　byａ　calculation　of　excess　enthalpy














































growth in MOVPE　is　far　from　thermal　equilibrium unlike　In　liquid
phase　epitaxy (LPE). where　the　existence　of mlsclbllity　gap　has
been　experimentally　confirmed【40-45] .

























since　InP-GaP bonds　cause　the　large mismatch　stress, when　InP　and
GaP　molecules　are　assumed　’ to be　basic　units　in　an　In-Ga-P
solution. Thus, the　enthalpy of　the　In-Ga-P　system　increases with









of　super-saturation　１Ｓ much　larger　than　in LPE. As　illustrated　in
Fig.2.13a, the　bond between GaP (existing at　the　growth　interface
as　the　solid　component) and　gallium species (produced　thermally
in　the　vapor　phase　near　the　heated　substrate, and　adsorbed on　the
solid) Is more　stable　than　that between　InP and　gallium　species,
and　the　same　holds　for　indium　species. Moreover, the　species　at
the　growth　interface　are　assumed　to　repeat　adsorption　and
desorption, until　they are　fixed　into　growth nuclei。
　　　　　When　the　substrate　temperature　Is not high　(below　６２０°Ｃ），
the　excess　enthalpy　of ｍ１×ing due　to　the　large　difference　of bond



























this way, the　gallium　species　are　adsorbed by　the　GaP-rlch nuclei
more　stab:ly　than by　the　InP-rich ones, and　the　same　holds　for　the
indium　　species.　　Thus,　the　gallium　species　　are　　adsorbed
selectively on GaP-rlch nuclei　and　the　Indium　species　on　InP-rlch





















together with　InP　growth　on GaAs, consistently with　their　surface
morphologies. In normal　lni_χＧａχＰ　growth, all　growth nuclei grow
laterally　and　coalesce　with　each other, resulting　In　ａ　flat


































conventional MOVPE has　not been　reported. It　Is not　clear　why　the




phosphlne.　This　seems　to have much relation　to　the　Immiscible
growth　in　the　low-vacuum ＭＯＶＰＥ。
　　　　　The　　Influence　　of　　lattice　　mismatch　　and　　phosphorus










layers　　is　controlled by　the　flow ratio　of TEGa/(TEGa+TEIn),　but
gallium　from　TEGa　Is　　incorporated　Into　the　epllayers　more
effectively　than　indium　from TEIn. This　suggests　that　TEIn　is
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sources　in　conventional MBE by　eas　sources.　The　first　report on




sources　Instead of　solids　pointed　out　In　their work are　better
reproduclbllity　of　film　deposition by　easier　control　０ｆ　gas
flows, and　larger　scale　production　by　Inexhaustible　gas　sources・








also　by many other workers, and　gas-source MBE has　been　spread
widely　　as　ａnew technique　of　high　performance　to　prepare　　III-V








Vodjdanl　et　ａ１．　Investigated　the　decomposition of TMGa and arslne
by　mass　spectrometry, and　demonstrated　the　perfectly　selective
epitaxy　of　GaAs　on　insulator-masked　GaAs　substrates　in MOMBE［13].
Carbon　incorporation　into GaAs　epllayers　grown by MOMBE has　been




intentionally, p-type　GaAs　epllayers heavily　doped with　carbon up























this　chapter, the　growth mechanism of　InGaP MOMBE, especially　the









































Metalorganics were　supplied　to　the　heated　substrate　from ａ nozzle
with ａ ３ mm^ aperture,　and phosphlne was　supplied from ａ cracking
cell　with　ａ　１２ mm 2　aperture.　The　distance　of the　nozzle　and　the
cell　　from　the　substrate was　４０　mm. A　thermal　　shield　was　set
between　the　nozzle　and　the　cracker.
　　　　　Each　substrate　of　GaAs(OOl), prepared with ａ normal　etching
solution　of　4H2SO4：１Ｈ２０２：lHoO, was mounted on　ａ molybdenum　（ＭＯ）
disk　with　indium　solder (Figs. 3.4　and　3.5). The　disk was　fitted
into　ａ　stainless　holder, and　loaded　Into　the　growth　chamber
through　ａ　loading room.　The　substrate　on　the Mo　disk was　heated
from　　Its　backside　by　Infrared　Irradiation　from ａ　halogen　lamp
（1000　W）　set　outside　of　the　chamber. The　substrate　temperature
was　measured　by ａ　thermocouple which was brought　into　contact
with　　an　indium pool　０ｎ　the　Mo　disk　every　time　after　loading　the
holder　into　the　chamber. The　thermocouple　was　precalibrated　using





the　full　width at half maximum (FWHM) of x-ray　rocking curves.

































3-2-2. Cracking of Phosphlne
　　　　　In　MOMBE.the　growth　of　III-V　semiconductors　is　ffenerally
impossible without　the　precracking of　group-V hydrides. Even　at　ａ
high　temperature　of　５００°Ｃ, only metal　droplets　are　deposited on
the　substrate　when phosphlne was　used　without　precracklng　in
MOMBE. while　crystals　grow at　the　same　temperature　In　low-vacuum




group-I工ｌ metalorganlcs. Phosphlne molecules which　lmplnffed　onto







MOMBE, and by vapor-phase　reaction　in MOVPE.
　　　　　Figure　３．６　shows　the　structure　of　thermal　cracking　cells
employed　to precrack phosphine　and TEAS. Each　cell　has　ａ　heating
coil　　０ｆ　ａ　tantalum　（Ｔａ）　ribbon　In　ａ　quartz　guiding:　tube
(8.6 O.D..　４０ mm　long). Phosphlne molecules　are cracked by　many
collisions　with　ａ　high-temperature　Ta　heater.　The　fragment
pattern　of phosphlne　cracking was　Investigated by　the　use　of　ａ
quadrupole　mass　analyzer (QMA) at　various　cell　temperatures　of
20-1400°Ｃ．　The　temperature　dependence　of　fragment　Intensity　Is





































































































refractive　index between InP　and GaP. Thus, the　growth　rate　of
every　epllayer　in　this　study was　determined　from the　oscillation
period　using the　equation (2-3).




TEGa°0.020sccm,　and　ＰＨ３°O.lsccm (Figs. 3.10, 3.11,　and　3.12) .
Three　　distinct　stages　are　clearly observed　in　the　temperature



































































































and　plotted　in　the Arrhenlus' relation (Fig.3.13). It　Is　clearly
shown　In　Fig,3.13　that　the pyrolysls　of TEGa with　an　apparent
activation　energy ’（Ｅａｃｔ）ｏｆ３９kcal/mol　causes　the ，temperature
-56-


















lower　than　that measured by　direct　pyrolysis (carrier　gas　system.
４８　kcal/mol)[35],　but　far　from that　reported　in　GaAs　MOMBE
（１５　kcal/mol)[331. Moreover. In　this　study, a　similar　small　Eact









grown at　４９０°C(Fig.3.12b) seems　to be　due　to poorer migration　at
lower　temperatures　and/or　due　to　the　lattice mismatch　between　the
InP-rich epllayer　and　the　substrate。




decomposition of TEGa on　arsenic　atoms　corresponds　to　the　smaller
Eact　of　TEGa　decomposition　In　GaAs　MOMBE　than　in　　direct













arising from　the　laser　pyrolysls　of　adsorbed TEGa　molecules【39] .
The　　photochemical　　decomposition　of　TMGa　Induced　　by　　the
















beam　diameter　of　３ mm on　the　substrates, which　１Ｓ　　１０４　times
lareer　　than　the　arrival　of TEGa molecules　to　grow　GaP　wi th　ａ
growth　　rate　of　0.1μm/h, but　considerably　smaller　than　that
employed　in　the　successful　laser-assisted MOVPE　experiments.
３－５　Growth at Moderate Temperatures
3-5-1. MetalorKanic Flux Dependence






















proportional　to　the　ｆ１Ｕχ　Γatio of TEGa/(TEGa+TEIn). as　shown　in
Figs. 3.14　and　3.15, respectively.　This　indicates　that　the　adduct








3-5-2. Phosphine Flux Dependence
　　　　　The　Influence　of phosphlne　flux on　the　epitaxy was　examined
at　４９０°Ｃ　　with　the　group-Ill　total　flux　of　0.036　seem. A　small
V/III　flux　ratio of near　unity was　found　to be　sufficient　to　grow
smooth　epilayers　in MOMBE unlike　in　conventional MOVPE　where　ａ
large　　V/III　ratio　such as　１００　１ｓ　required.　　Moreover,　smaller
phosphlne　fluxes　as　１０ｗ as　０.05　seem　Improve　the FWHM　of　x-ray
rocking curves　of　epilayers, as　shown　in Fig.3.16. However.　when
the　phosphlne　flux was　reduced below ０.０５　seem, the　growth　　rate
decreased　rapidly, the　FWHM of　χ-ray　rocking curves　of　epilayers
became　worse, and many　indium　droplets　were　formed on　the　surface
of　epllayers　which　grew　to be　GaP-rlch. These　results　suggest
































from　０．４　seem　ｔ０　0.1, the　FWHM of band-edge　PL　peak　of　InP









































































been　elucidated yet. More microscopic　investigations　are　required
to　make　clear　the　dominant　factor　responsible　for　the　phosphine
flux　dependence　of　epllayer　quality・
3-5-3. Optical and Electrical Properties
　　　　　Most　Ini_xGaxP　epilayers　with　ｘ　of　0.4-0.55　grown　at




















































































Illuminated　by photons with　energy higher　than　１．４　eV. The　　deep
levels　with　an activation　energy of approximately １．５　eVseems　to
catch　most　of　electrons　released　from donor　Impurities, and　cause

















































































































substrates　were　prepared as　follows. By　photothermal　cheml cal






















二言■■ '''■ l' '
　　|●y､●●　.111j･
Fig.　3.30.　　　Selective　epitaxy　of　InGaP　at　４９０°Ｃ ；　（ａ）
SlOo　pattern with ａ　size　of　２．５×2.5inm2. (b)　patterned







































Fig.3.31. As　clearly　shown　in Fig.3.31. the wells　of　０．３μｍ　depth
was　perfectly　burled　after　the　epitaxial　growth　of　０．３μｍ，




3-6. Growth at Higher Temperatures




partla:Lly　suppressed by using higher　phosphlne　fluxes　as　shown　in
Figs.　3.10　and 3.11　with broken　lines, suggesting　that　phosphorus
shortage　impedes　normal　growth. Figure　3.32　shows　the　growth









growth　Interface　do not　stay　long enough　to be　incorporated　into





















quasl-binaries (InP　and GaP) above　４２０°Ｃ・
（ＴＥｌｎ＝０．０１６，ＴＥＧａ＝0.020　seem).
－７７-










　　　　　The　surfacemorphology obtained at higher　temperatures　was
Investigated by　SEM observation and　electron probe　microanalyzer
(EPMA) measurement, and　three　distinct　types　of　surface　features
were　found; (1) smooth　surfaces　as　shown　In Fig.3.33a, (2) a　new
type　of　defect (immiscible　defect) as　shown　in Fig.3.33b, and (3)
Indium　droplets　on　the　surface　as　shown　in Fig.3.33c.　The　EPMA
observation　revealed　that　the　new　type　of　defect　In Fig.3.23b ■ｗａｓ


























































































larger　than　that　In GaAs MOMBE (20　kcal/mol). This　Indicates　that
the　surface　catalytic　effect　of　phosphorus　at　the　　growth
interface　is　considerably　smaller　compared with　that　of arsenic.
（２）　In　the moderate　temperature　region of 390-520°Ｃ，the　growth
rate　and　the composition ｘ　in　Ini_χＧａχＰ　epllayers　are　independent
of　temperature. The　growth　rate　１Ｓ　proportional　to　the　group-Ill












for　GaP　constituent, corresponding to weak　In-P　bonds　compared
with Ga-P bonds.
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4. TEMPERATURE DEPENDENCE OF InAlP AND AlGaP GROWTH IN MOMBE
4-1. Introduction









using the　high performance　of MOMBE　in preparing heterostructures




epllayer　composition. As　discussed　in chapter　3, the　epitaxy　of







InGaP　and　InAlP, since weaker　In-P bonds　are　not　contained　　In
AlGaP　crystals.　Therefore, the　comparative　analysis　of　MOMBE
growth　of　InAlP　and AlGaP　is　expected　to　bring　much　useful
Information for　the　understanding of　the　growth mechanisms　In　the
MOMBE of　phosphorus-based　III-V　semiconductors.
－８６-





ｌｎ１－ＸＡｌχＰ　epilayers　ａｒｅ・given　in Figs. 4.1. 4.2, and　4.3.　These
dependencies　are　quite　similar　to　those　in　InGaP　epitaxy.　Thus,
as　in　the　case　of　InGaP　epitaxy, the　InAlP　growth　is　governed　by
the　decomposition of TEAl　at　lower　temperatures　below ４００°Ｃ，　the









and　composition ｘ　In Ａ１１_χＧａχＰ　epllayers was　estimated by　Auger
electron　spectrometry.　　The　　temperature　dependence　of　　AlGaP
epltaχｙ　１Ｓ　shown　in Figs.　4.4, 4.5, and　4.6,　obtained　with　ａ
large　flow of TEAl (0.037　ｓｃcm) compared with TEGa　(0.014　seem) .
Unlike　　the　case　of　InGaP　and　:InAlP　epitaxy,　the　growth　rate,





in　the　epllayer. At　lower　temperatures　below ４００°Ｃ, the　imperfect
pyrolysls　of TEGa　and TEAl　causes　the　rapid　decrease　in　growth
































microscope (a)-(c), and RHEED patterns (d)-(f). (a).(d)














































microscope (a)-(c), and RHEED patterns (d)-(f). (a),(d)





TEGa　is　lowered much more　than　that　of TEAl.
4-3. Co-decomposltlon of Metalorganlcs
　　　　　As　mentioned　In　the　section　4-2. a　large　flow　of　TEAl
（0.016　seem) eompared with ＴＥｌｎ（0.0073　sccra) is　required　for　the
epitaxy of　Ino.5Alo.5p　at　the moderate　temperatures. This　reveals
that　only　４５Ｓ　of TEAl　contributes　to　the　epitaxy.　　The　quite
similar　efficiency of ４１Ｓ　forTEAl　decomposition　１Ｓ　calculated
for　AlGaP　epitaxy.　Moreover, In AlP binary　growth　carried　out　for
comparative　study.　ａ　considerably　smaller　efficiency　of　TEAl
decomposition　was　obtained;　with　an　equivalent　flux of TEAl　and
TEIn, the　comparison　of　growth　rate　of AlP with　that　of　］:nP　shows
that　only　１４％　ofTEAl　１ｓ　effectively used　In AlP binary　erowth　at
４２０－４９０°Ｃ．　Therefore,　１ｔ　１Ｓ　obvious　that　the　decomposition　of




　　　　　The　apparent　activation　energy (Eact) of TEAl　decomposition
obtained at　lower　temperatures　Is　also unnatural. Figures　４．７　and
４．８　　show　the　temperature　dependence　(Arrhenius'　relation)　of
growth　rates　of　quasl-blnarles　（工nP-AlP　for　工nAlP　epitaxy,
AlP-GaP　for AlGaP　epitaxy) at　lower　temperatures, calculated　by
the　　same　scheme　used　in　the　analysis　of　InGaP　epitaxy　(section
３－４）．　The　growth　rate　of AlP　In AlP　binary　epitaxy　Is　also
plotted　In Fig.4,7. The　Eact　of TEAl　decomposition　is　１２　kcal/mol
１ｎ　工nAlP　epltaχy. 30　kcal/mol　１ｎ AlGaP　epitaxy, and　２４　kcal/mol
１ｎ　AlP binary　growth, while　２９　kcal/mol　was　reported　in　direct











































（ｏｒ　　Indium atoms) on TEAl　decomposition　is　larger　than　that　of
TEGa　（ｏｒ　gallium atoms) at　lower　temperatures, unlike　　that　at
moderate　temperatures　where　the　difference　１Ｓ　very　small.　This
strongly　suggests　that TEAl　decomposition　is　enhanced　by　the
decomposition　of other metalorganlcs (TEIn　or TEGa), but　not　by
temperature-independent　　factors　　including　surface　　catalytic
effects　of other metal　atoms (indium or　gallium) at　the　growth
Interface.　The　decomposition　of TEIn　and TEGa　is　consistent　　In
each　ternary　growth, i.e., the　pyrolysis　of TEIn or TEGa　１Ｓ　not
influenced　by　the　existence　of　other metalorganlcs; as　in　InGaP
epitaxy,　TEIn　decomposes　entirely as　１０ｗ as　３２０°Ｃ　　In　InAlP




the　strange　aspects　of TEAl　decomposition. As　１Ｓwell　known, TEAl
molecules　are　mostly　dlmerlc　in　the　vapor　phase,　by　making
ethyl-bridged　couplings　as　shown　In Fle.4.9a[10]. It　is　probable
that　TEAl molecules make　ethyl-bridged　coupling also with　other










considerably　smaller　growth　rates　In AlP binary epitaxy.　In　InAlP




































speculative, and must be　examined　in　future　Investigations.
4-4. Phosphorus Evaporation
　　　　　The　rapid　change　of　growth　rate　and　epilayer　composition　in





















into　the　epllayer.　Then weak　In-P bonds　are broken　thermally, and
phosphorus　atoms　evaporate　from the　epilayer,　leaving　indium
atoms　on　the　surface. Since　the　temperatures　are much higher　than
the　upper　limit　for　the　congruent　sublimation　of　InP,　the
residual　free　indium atoms　do not　evaporate　from the　surface ，but
form droplets。
　　　　　Comparative　study on　the　temperature　dependence　of　　the




remarkable　decrease　are well　explained by phosphorus　evaporation



















































evaporates　from the　epilayer　by breaking Ga-P　or Al-P bonds.
4-5. Impurity Incorporation
　　　　　Ａ１１　InAlP　epilayers　grown　in　this　study　were　　highly









of　impurities (nitrogen, carbon, oxygen, maenesium. silicon.　and




contamination　by oxygen.　In　the AlGaP　epilayer, the　fairly　high
Incorporation　of　carbon,　oxygen, magnesium,　and　silicon　was















































　　　　　Thefollowing were　concluded by　the　comparative　analysi Ｓ　of
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5. EFFECTS　OF LATTICE MISMATCH
5-1. Introduction
　　　　　Lattice　matching　to　substrates　is　extremely　important　in













be　accommodated elastically by　the　tetragonal　deformation of　the































































diffraction　Is　１５ msec. The　band-gap　energy of　the　epllayers　was
determined by PL measurement　performed at　７７Ｋwith ａ conventional
grating monocromator　and ａ photomultlplier. An argon　ion　laser　of
６　mVVwas　used as　an　ｅχcitation beam. An　enerey-resolution　in　the
PL　apparatus　is　approximately　５ meV for　the　energy　range　of
1.85-2.05　eV　in　this　study.　Carrier　concentration　and　mobility














































parallel (an) to　the　substrate　surface, deviate　from　the　natural
strain-free　lattice　parameter　(a).　For　an　ideally　strained












where　the misfit　strain Ｌａｉ　ａ０　１ｓ　defined　as(a-aQ)/aQ. Aax/ao　as
{ax-αＯ）／αＯ・and Cjj's are　the　elastic　stiffness　coefficients　　for
the　epllayer.　By　the　equat Ion （５－１）　and　Vegard ’ｓ　law ，　the
composition ｘ　　of　Ideally　strained　Ini_χＧａχＰ･　　epllayers　　is
determined from　the parameter　ax. which　can be ･directly　measured
by　x-ray　diffraction analysi ｓ　on　the　epilayer　（００２）　or　（００４）
plane.　The　parameter　αＩ１　１ｓ　experimentally　obtained from　the　angle
φbetween　the　epilayer (115) plane　and　the　substrate (115) plane,











The　angle　φ　can be measured　also by x-ray　diffraction　analysis　on
the　(115)　plane. On　the　other　hand, when　the misfit　strain　Is










Fiff. 5.1.　Dependence　of FWHM of x-ray　rocking curve　on
epilayer　composition ｘ　in　lni_χＧａχＰ．


























steady　decrease　in FWHM. Since　lattice mismatch　is　quite　large
(3-4%)　when X　is　close　to　ｏ　or　1, most　of　the misfit　strain　is
released　by　generating dislocations　at　the　very early　stage　of
growth.　Thus,　the　upper part　of　the　epllayer　has　very　small
strain,　contributing to　the　reduction of FWHM near χ=Ｏ　or　χ=１．
Based on this　analysis, the　epllayer　composition ｘ　In　this　study
is　calculated by assuming that　the　epilayer　is　Ideally　strained
at　χ=0.35-0.65, and　strain-free　elsewhere. The　critical　thickness
（ｈｃ）　ot　Ini_χＧａχＰ　epilayers on　ＧａＡｓ（００１）　Is　　theoretically



















COMPOSITION ｘ in In,.χＧａχＰ
O･6




(a//2) . V is the Polsson ratio equal to Ｃ１２／（Ｃ１１＋Ｃ１２），θｌｓ　the
angle　between　the　dislocation　line　and　Its　Burgers　vector
（６０°for　most　III-V　semiconductors), a　１Ｓ　the　angle　between　the
slip　direction and　that　direction　in　the　epilayer plane which　１Ｓ
perpendicular　to　the　line　of　Intersection　of　the　slip　plane　and
the　　Interface (60°) , and　／｀　１Ｓ　the　absolute　value　of　the　misfit
between　the　stress-free　epilayer　and　the　substrate　(＼a-ao＼/ao).
As　shown　in Fig.5.2, the　force-balancing model　gives　considerably
smaller　he　than　the　energy-balancing model　does. For　the　epllayer
thickness　of　0.75μｍ　in　this　study, the　energy-balancing　model











































the　light-hole valence-band, 4Ehh　is　that between　the　conduction
band　and　the　heavy-hole　valence-band,　Ａ　is　the　hydrostatic
deformation　potential, and Ｂ　is　the　shear　deformation　potential





























































dependence　of FWHM of PL peak　on　epllayer　composition　Is　plotted
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AlGaP) by using ethyl-based metalorganics (TEIn, TEGa, and　ＴＥＡ１）





inevitably　required　to apply MOMBE, the most promising　technique































composition.　In　some　cases below ６２０°Ｃ, two　separate　peaks　of
（００２）　diffraction　observed　in　x-ray　analysis　Indicate　　that




























decreased　compared with　that　of　GaP　constituent, corresponding to
weaker　　In-P　bonds　than　Ga-P bonds. A new　type　of　complex　defect
(InP　crystallite　partially　surrounded by metal　indium) or　indium
droplets　are　found　on　the　epilayer　surface・　when　phosphorus
shortage　　is　severe. Each　epllayer　grown at　４９０°Ｃ　shows　ａ　quite
sharp　band-edge　peak (with 。･FWHM as　low as　１６　meV) and　two　broad








　　　　　Chapter　４　was　devoted　to　ａ discussion of MOMBE　growth　of
工nAlP　and AlGaP. As　In　InGaP　growth, the　MOMBE　growth　of　InAlP
and AlGaP　Is　governed by　the　Imperfect　decomposition　of TEGa　and
TEAl　at　lower　temperatures, while　the　decomposition　of　TEAl　　１Ｓ
Imperfect　at　all　the　temperatures　studied. The　existence　of　other
metalorganics (TEIn or　TEGa) gives　an　enhancing　influence　on TEAl
decomposition and　changes　the　apparent　activation　energy of　TEAl
decomposition (12-30　kcal/mol) .　Ａ co-decomposition model　proposed
In　this　study, though　It　１Ｓ　rather　speculative.　can　explain　the


















properties (lattice parameters, photoluminescence, and　electrical
properties) were　discussed for　strained　Ini_χＧａχＰ　epllayers　grown































techniques,　such as　photocontrolled MOMBE, atomic　layer　MOMBE.
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